The influence of extracellular calcium on phagocytosis is limited, and the involvement of extracellular magnesium is unclear. Aims: The role of extracellular calcium and magnesium on phagocytosis efficiency was investigated. Results: Extracellular calcium had no influence on the internalization of 1 m polystyrene particles by primary monocytes as has been shown before for the human lymphoma-derived, differentiated cell line U937 and murine alveolar macrophage-derived MH-S cells. In contrast, the phagocytosis by differentiated U937 cells was positively affected by the presence of extracellular magnesium whereas that of MH-S cells was not. An extracellular increase in the magnesium level did not cause an increase in the free cytosolic magnesium concentration in either cell line. In contrast to magnesium, extracellular calcium caused an increase in intracellular divalent cation levels in differentiated U937 cells. Conclusions: A phagocytosis-enhancing effect in the extracellular space was observed in relation to extracellular magnesium rather than with an intracellular increase in magnesium levels, indicating that murine and human immune cells might be regulated differently. Phagocytosis of pathogens by professional phagocytes is an essential step in host defence. Macrophages are equipped with different receptors that recognize conserved motifs on pathogens, non-specific opsonization by complement proteins (complement receptor-mediated phagocytosis), as well as specific opsonization by antibodies (Fc-receptor-mediated phagocytosis) [1] . Furthermore, an increase in cytosolic calcium was demonstrated to be essential for the killing of internalized pathogens [2, 3] . It is generally accepted that an increase in cytoplasmic Ca 2+ accompanies Fc-receptor-mediated phagocytosis. However, the necessity of Ca 2+ for the internalization process
per se remains controversial [4] . Using murine macrophages, it was shown that the phagocytosis of serum opsonized red blood cells (RBCs), Ig-opsonized latex beads, and unopsonized latex beads was reduced by intracellular Ca 2+ chelation [5] [6] [7] . In contrast, other research groups have reported efficient phagocytosis of IgG-opsonized RBCs, even at low cytosolic Ca 2+ levels [8] [9] [10] . In a previous study, we showed that the extracellular concentration of Ca 2+ -ions at a physiological level does not increase the phagocytosis efficiency of macrophage-like cell lines MH-S [11] and differentiated human U937 cells [12] . Also, the presence of thapsigargin, known to increase cytosolic Ca 2+ levels and to lead to the opening of plasma membrane calcium channels, did not significantly change the phagocytosis efficiency of the cells. Nevertheless, differentiated U937 cells showed increased phagocytosis efficiency in FCS-free RPMI1640 medium compared to Ca 2+ -free and Mg 2+ -free HBSS medium. Therefore, we have assumed that extracellular magnesium ions could have a positive effect on phagocytosis efficiency [13] .
Magnesium is the second most abundant, cellular cation, and is involved in the regulation of enzymes, ion channels, the cell cycle, and signalling pathways. The concentration range of total cellular magnesium in mammalian cells is between 17 mM and 20 mM [14, 15] . The free cytosolic magnesium concentration was determined to be in the range of 0.37 to 1 mM [14, [16] [17] [18] . Free magnesium concentrations of 0.5 to 1.5 mM have been measured in the matrix of heart mitochondria [19, 20] . Serum magnesium levels were determined to be in the range of 0.7 to 1.1 mM, of which 55% is free [21] . These data point to the existence of a very limited magnesium gradient across the plasma membrane. The regulation of cellular enzymes by Mg 2+ occurs at 0.5 to 1 mM, which is well between the fluctuations in free Mg 2+ levels [15, 22] . One aim of this study was to investigate whether extracellular and intracellular calcium have an effect on the phagocytosis of latex beads using primary monocytes that were isolated from human blood and incubated with 2-aminoethoxydiphenyl borate (2-APB). 2-APB acts as an inhibitor of inositol 1,4,5-trisphosphatemediated Ca 2+ release and store-operated Ca 2+ entry (SOCE) [23, 24] . The next aim was to examine the effect of extracellular magnesium on the phagocytosis of latex beads using differentiated human U937 cells and murine alveolar MH-S cells.
Methods and materials

Cells
The murine alveolar macrophage cell line MH-S was obtained from Sigma-Aldrich GmbH (Hamburg, Germany). These cells were grown in RPMI 1640 medium (Sigma-Aldrich) containing 10% heat-inactivated, fetal bovine serum (Life Technologies GmbH, Darmstadt, Germany), 100 Units/mL penicillin, 100 g/mL streptomycin (both antibiotics from Life Technologies), and 50 M ␤-mercaptoethanol (Life technologies), at 37
• C, in a humidified atmosphere with 5% CO 2 . To detach the cells from culture flasks, a few millilitres of a mixture of 500 g ml -1 trypsin with 220 g ml -1 EDTA were added to the adherent cells, which were then incubated at 37
• C for fifteen minutes. Cells were then collected by centrifugation and resuspended in medium. Then 5×10 5 cells were seeded on 12 well-plates (Greiner Bio-One GmbH, Frickenhausen, Germany). After 15 hours the cells were used for the phagocytosis assay.
The monocyte-like human lymphoma U937 cell line was obtained from the laboratory of Prof. Dr. R. Bals (Saarland University, Homburg, Germany). The cells were cultivated in RPMI 1640 medium with 10% fetal bovine serum, 100 units ml -1 penicillin and 100 g ml -1 streptomycin. For differentiation into adherent macrophage-like cells capable of phagocytosis, cells were incubated with 50 ng ml -1 phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich GmbH) for 24 hours, washed with medium once, and then incubated in medium for 48 hours at 37
• C, in a humidified atmosphere with 5% CO 2 . Subsequently, the cells were used for the phagocytosis assay.
Monocyte isolation
Primary human monocytes were isolated from peripheral blood mononuclear cells (PBMCs) from healthy donors as described previously [25] . PBMCs were obtained from leukocyte-reducingsystem (LRS) chambers, provided by the local blood bank (Department of Haemostaseology, Universitätsklinikum Saarland, Homburg, Germany). The cells were isolated by Ficoll density gradient centrifugation.
Influence of magnesium ions on phagocytosis Monocytes were further isolated from PBMCs by adhesion: 1.5-2.5×10 8 PBMCs were transferred into culture flasks (175 cm 2 ) containing 30 ml of standard culture medium (plus antibiotics), and kept under standard culture conditions for 2 h to allow adherence of the monocytes to the flask surface. The growth medium was then replaced and, after an additional incubation period of 24h in the fresh medium (plus antibiotics), the cells were harvested. The cells were washed with PBS (supplemented with 0.5% BSA), scraped from the surface using cell scrapers and suspended in standard culture medium (no antibiotics). After isolation, cells were cultured in RPMI (10% FCS) in 24-well plates (ultra-low attachment surface), with a density of 1-4×10 6 cells/ ml and well.
Phagocytosis of fluorescent beads
After growth of the cells in RPMI 1640 with 10% FCS, the medium was removed, the cells were washed three times with phosphate-buffered saline (PBS) and then incubated in Ca 2+ free and Mg 2+ free Hank's balanced salt solution (HBSS, Life Technologies, Germany) buffer with a stepwise increase in the concentration of MgCl 2 , rising from 0.5-2.5 mM. Fluoresbrite® Yellow Green Microspheres (Polysciences Europe GmbH, Edenkoben, Germany) with a size of 1 m were used for the phagocytosis assays. A number of 5×10 5 cells were incubated with 1×10 7 beads (20× excess of beads) for two hours.
Flow cytometric analysis of phagocytosis efficiency
Phagocytosis efficiency was determined by means of a BD FACSCalibur TM flow cytometer (BectonDickinson GmbH, Heidelberg, Germany). Point plotting of the events measured in the fluorescence channel (ordinate) versus total events measured in the forward scatter channel (abscissa), revealed the number and percentage of cells that internalized fluorescent beads. MH-S cells and differentiated U937 cells that were not incubated with fluorescent beads were used to determine the auto-fluorescence and to define the dot plot panel sizes, as well as the gating strategy. The phagocytosis efficiency of cells was defined as the percentage of cells that internalized beads with reference to the total cells analysed by flow cytometry. The number of cells analysed was between
2×10
3 and 1×10 4 . The number of beads internalized by each cell was not considered in the determination of the efficiency of phagocytosis.
Intracellular magnesium determination by flow cytometry
This method for intracellular ion detection and quantification is based on acetomethyl (AM) ester derivatives of magnesium and calcium fluorophores. Esterification with AM enables membrane permeation. After cleavage by nonspecific intracellular esterases, the fluorophores bind to divalent ions, which results in enhanced fluorescence signals. Preparation of standard curve: the fluorophores used were: Mag-Fluo-4 AM, Magnesium Green TM AM and Fluo-5F AM (Molecular Probes, Life Technologies, Darmstadt, Germany). The cells were cultivated in 10% FCS containing RPMI1640 and were then washed with PBS. After incubation in HBSS for one hour, magnesium chloride, in gradually increasing concentrations, and ionomycin (SigmaAldrich GmbH) (1 g ml -1 and 7 g ml -1 ) were added and the cells were incubated for an additional 30 minutes. Increased solubility of fluorophores was achieved using Pluronic-F127 (Molecular Probes, Life Technologies). After incubation, the cells were washed three times and then re-suspended in 200 l PBS for analysis via flow cytometer. Preparation of the samples: three different fluorophores, Mag-Fluo-4 AM, Magnesium Green TM AM and Fluo-5F AM were used to determine the intracellular divalent cation levels as a reaction to extracellular magnesium and calcium level changes. First, cells grown in RPMI1640+10% FCS were washed and incubated in Mg 2+ and Ca 2+ -free HBSS medium for one hour. Magnesium was then added to the cells to achieve extracellular concentrations of 0.5 mM to 5 mM. After 30 minutes of incubation at 37
• C, different concentrations of the above-mentioned fluorophores were added and incubated for 30, 60 or 120 minutes. The cells were washed three times with PBS and analysed by flow cytometry. The relative fluorescence intensity (RFI) values used for analysis are median values.
Statistics
Calculations, graphical illustration of data and statistical analysis were performed with Graph- Non-significant differences were labelled as ns.
Results
Influence of 2-APB on the phagocytosis efficiency of primary human monocytes
To support the hypothesis that a rise in intracellular calcium level does not affect the phagocytosis of polystyrene beads [13] , primary monocytes, isolated from human blood, were treated with 2-APB. These cells were incubated with beads. To verify that fluorescence signals in flow cytometry are not a result of bead adherence to cells, the monocytes were also treated with Cytochalasin D (Cyto D), an inhibitor of actin polymerization and phagocytosis [26] . The phagocytosis efficiency of the 2-APB-treated cells and Cyto D-treated cells was compared to that of untreated monocytes (positive control of phagocytosis). Figure 1 shows that incubation of the monocytes with 2-APB did not affect their phagocytosis efficiency. This suggests that the level of intracellular calcium does not influence the phagocytosis efficiency of monocytes. In contrast, phagocytosis was significantly reduced by the phagocytosis inhibitor Cyto D, demonstrating that the results relate to the bead uptake efficiencies and not bead adherence to cells.
Influence of external magnesium on the phagocytosis efficiency of differentiated U937 and MH-S
The influence of extracellular magnesium on the phagocytosis of polystyrene beads was examined as previously described [13] . Taking into consideration the physiological level of magnesium ions in serum (0.7 to 1.1 mM), external magnesium concentrations of 0.5 mM, 0.75 mM, 1 mM, 1.5 mM, 2 mM and 2.5 mM were added to magnesium-and calcium-free HBSS medium. The phagocytosis efficiency of cells in HBSS medium without magnesium and calcium served as a reference. The results presented in figure 2 are values normalized to the reference cells. The illustration shows the results of four data sets ( figure 1) . Even a low concentration of 0.5 mM external magnesium was sufficient to increase the phagocytosis efficiency of U937 cells. In contrast, the murine-derived alveolar macrophage-like MH-S cells were not affected by external magnesium, at any concentration.
Influence of external calcium and magnesium ions on the free intracellular divalent cation level
To examine the consequences of increased extracellular magnesium ion levels on the cytosolic ion level, a fluorescence assay based on a previously published method [23] was established. For this assay, the fluorescent dyes Magnesium-Fluo-4 AM, Magnesium Green TM AM and Fluo-5F AM were used.
Under all conditions and with all of the abovementioned fluorophores, a stepwise increase in the magnesium concentration up to 2.5 mM did not cause any significant increase in the RFI values, either in differentiated U937 cells or in MH-S cells (data not shown). This means that intracellular magnesium (and calcium) is not affected by increasing extracellular magnesium concentrations. Whereas extracellular magnesium did not increase the RFI value in either cell line or with any of the fluorophores used, extracellular calcium caused a rise in RFI of the differentiated U937 cells, but not a significant increase in MH-S cells. All the fluorophores used (Mag Green TM AM, Fluo-5F AM, and Mag-Fluo4 AM) showed an increase in the RFI value of U937 cells when 1 mM extracellular Ca was added to the divalent cationfree HBSS medium ( figure 3) . However, the same amount of calcium did not lead to any significant RFI changes in the MH-S cells ( figure 4) .
To verify the sensitivity of the fluorophores to intracellular cation changes, membrane-permeable EDTA AM, which causes the chelation of free cytosolic calcium and magnesium, was added to the differentiated U937 ( figure 5 ) and MH-S cells (data not shown). Both cell lines showed a significantly reduced RFI value after incubation with EDTA AM, indicating that the assay is suitable for the determination of the RFI value-dependent intracellular divalent cation level and that the constant basal level of magnesium in the cells might be a result of the strong buffering rather than a result of the experimental procedure itself.
Discussion
Macrophages are the frontline host defence cells, and are involved in the clearance of pathogens, apoptotic cells, cell debris and foreign particles. They also play a role in adaptive immunity by recruiting lymphocytes, presenting antigens and secreting chemokines and cytokines [27] . Furthermore, apart from their beneficial features for the host, macrophages are involved in the pathophysiology of several diseases. Their number is increased in the lungs of smokers and also of patients suffering from COPD [28, 29] . Additionally, the M2-subtype of tumour-associated macrophages are known to exhibit tumourigenic functions such as angiogenesis, matrix remodelling and suppressing adaptive immune responses [30] . These findings led to the concept of targeting macrophages as a therapeutic approach. Their ability to assimilate large particles is an advantage for drug-targeting methods. However, in order to target macrophages with a view to enhancing their pathogen clearance activity or to suppressing their pathological activity, it is essential to understand which factors influence phagocytosis and how phagocytosis can be modulated.
In our previous study we showed that neither extracellular calcium nor an increase in the intracellular calcium level had an influence on the phagocytosis efficiency of macrophage-like cell lines U937 (human-derived) and MH-S (murine alveolar macrophages) [13] . In the present study, this hypothesis was further supported using primary monocytes isolated from human blood. Monocytes phagocytosed significantly independently of blocked store-operated calcium entry and blocked calcium release from cytoplasmic stores. Together with the previously published results, these data show that phagocytosis of polystyrene beads seems to be a calcium-independent process. The indispensable transfer from RPMI1640 to HBSS culture medium is a stress factor for the cells under investigation and could be regarded as a limitation of our study.
Furthermore, as previously suggested [13] , we determined that RPMI1640 medium contains an ingredient missing in divalent cation-free HBSS, which enhances the phagocytosis efficiency of differentiated U937 cells, but does not influence MH-S cells. We suggest that this component could be magnesium.
In this study, we intended to investigate the effect of external magnesium on the phagocytosis efficiency of both cell lines. Our data show that the presence of magnesium significantly increased the phagocytosis efficiency of differentiated U937 cells. Interestingly, the in vitro phagocytosis of rat alveolar macrophages was found to be suppressed under low Mg2+ concentrations [31] . In contrast, the phagocytosis efficiency of MH-S cells was not influenced by extracellular magnesium, even at a concentration of 5 mM.
Magnesium is the second most abundant ion in the cells and is involved in many regulation and signalling pathways. Mouse model studies have shown that magnesium deprivation leads to an increase in the secretion of macrophage-derived pro-inflammatory cytokines IL-1, IL-6 and TNF␣ [32] . This has also been shown for human cells [33] . The pathophysiology of inflammation caused by magnesium deficiency is reviewed by Mazur et al. [34] . Magnesium is a calcium antagonist. A depletion in plasma magnesium was considered to cause an increase in intracellular calcium levels, resulting in an inflammatory immune response [35] .
In our in vitro phagocytosis study, we showed that murine macrophages are not influenced by the absence of external magnesium, whereas the absence of magnesium had a phagocytosisdecreasing effect on human-derived cells. These findings led us to the assumption that regulation of human-derived immune cells differs from the regulatory mechanisms that control rodent immune cells.
Whereas the cytosolic magnesium content of the cells remains constant and is mainly regulated by cellular buffering [36] [37] [38] , an increase in intracellular calcium due to the absence of its antagonist magnesium was postulated to be a possible mechanism for the inflammation caused by magnesium deprivation [35] .
No linear correlation was found between extracellular magnesium concentration and intracellular fluorescence signals in U937 cells or in MH-S cells. This finding supported the results of other research groups who postulate a strong cellular buffering capacity for magnesium, which keeps the basal magnesium level constant [15, 39, 40] . In contrast, calcium caused an increase in the RFI value of differentiated U937 cells, whereas MH-S cells were not affected by increasing calcium levels.
Taking all of our results and animal model studies cited into consideration, we assume that phagocytosis efficiency -and possibly other immune functions of rodents and humansis subject to different regulatory mechanisms. Furthermore, cell lines derived from different species, showed the same buffering capacity for magnesium. However, the response to extracellular calcium signals seems to be different in both cell lines. Whereas differentiated U937 cells showed an increase in free cytosolic magnesium (and calcium) ion levels upon the addition of extracellular calcium, MH-S cells remained unaffected by extracellular calcium. According to our data, we can conclude that in humanderived U937 cells, magnesium seems to exhibit its phagocytosis-enhancing role from the extracellular space. Furthermore, extracellular calcium increase seems to affect the homeostasis of intracellular divalent cations (maybe by ion flux through the plasma membrane or by the release of divalent ions from intracellular stores) in a different manner in cells of human or murine origin. Further studies should shed some light on how magnesium and calcium are able to affect immune regulation by influencing the cytokine expression pattern in differentiated U937 cells and MH-S cells. In addition, it would be interesting to compare the expression levels of proteins that are involved in magnesium signalling and transport such as TRPM7 [41] , TRPM6 [42] , Na 2+ -dependent [43] and independent [44] exchanger mechanisms or carriers [45] [46] [47] [48] 
